TiC reinforced Fe based composite powder was electrochemically prepared directly from the titanium-rich slag and carbon in molten CaCl 2 -NaCl at 800℃.The reaction pathway from the slag and carbon to TiC-Fe based composite powder was investigated by examination of partially and fully reduced samples using XRD and SEM with EDS analyses. The process of reduction and carbiding process can be divided into the two main stages. The first stage of the process is the electrochemical reduction, while the second stage is a synergetic reaction of the electrochemical de-oxidation and carbiding. During the second stage, the TiC forms from TiC x O 1-x , in which the carbon atoms substitute for oxygen atoms successively to stoichiometric TiC. The TiC grains initiate the heterogeneous nucleation for the TiC-Fe based alloy particles with multi-core microstructure. low wettability to the metal matrix. A core-rim microstructure of the TiC particles was reported to improve the wetting and sinterability of the composite [14] [15] [16] . However, studies on TiC particles sealed in the metal matrix particles with multi-core microstructure have been seldom reported.
Introduction
Fe-TiC composite has attracted a lot of attentions due to its unique properties, such as high strength and hardness, good chemical and thermal stability. In general, the main application of Fe-TiC composite is as a wear resistant material. It has been demonstrated that the wear resistance of the material increases with the decrease in the particle size of TiC, and the increase in the volume fraction of carbide in the composite [1] .
Conventionally, the powder metallurgy route has been used widely to produce Fe-TiC composite [2] [3] . It involves the addition of TiC powder to iron powder which offers the possibility to produce the composite with a very fine and high volume fraction of TiC.
However, production of the composite via the powder metallurgy route has some limitations [4] . Therefore, many other routes involving in-situ generation of the reinforcing phase were proposed such as the melting and casting route [5, 6] , carbothermic reduction [7] and combustion synthesis [8] [9] [10] . However，it is difficult for these techniques to produce the finer ceramic particles because the high reaction temperature will lead to coarsening of the ceramic particles. Meanwhile, the mechanical alloying route seems to be one of the effective methods to prepare the fine TiC powder [11] [12] [13] . However, the particles prepared by the mechanical alloying process should have a great number of defects within the crystalline solid, especially on their surface structure, which induces the individual particles easily to form larger aggregates.
There is still a big problem for TiC powder to serve as a reinforced phase due to its A titanium-rich slag was prepared by reaction between ilmenite and coal in electric furnace, and it was provided from the Titanium Plant of Panzhihua Iron and Steel Group Corporation, Sichuan in China. The titanium-rich slag blocks were crushed and examined by XRD analysis, as shown in Fig. 1a . The chemical composition was analyzed by X-ray Fluorescence Spectroscopy (RIGAKU, ZSX100e), and the result was listed inTable1. A mixture of titanium-rich slag and carbon black was milled in a conventional ball-mill pot using a stainless steel ball for 10min. The contents of carbon black in the raw material were set to 5% and 10% in mass. About 1.0g of the mixture of titanium-rich slag and carbon black was compacted into a cylindrical pellet of 15mm in diameter and 1.5mm in thickness under 10MPa. Then, the pellets were sintered at 800, 1000, or 1200℃ for 4h in an argon atmosphere.
A eutectic mixture of CaCl 2 -NaCl, which served as the electrolyte, was first thermally dehydrated at 300℃ for 24h and then melted at 800℃ in an alumina crucible, which was contained in the stainless reactor in argon atmosphere. In order to remove the electrochemical-active impurities from the melt, pre-electrolysis of the melt was carried out at 3.0V for 2h, during which two graphite rods were employed as an anode and a cathode. After the pre-electrolysis, the sintered slag-carbon pellet was immersed slowly into the melt as the cathode instead of the graphite cathode, and the electrochemical reduction was performed at the potential of 3.1V. Partially and fully reduced samples were obtained by terminating the electrochemical reduction after different durations from 2 to 24h. More experimental details were similar to those described in the previous work [21] .
The products were characterized by X-ray diffractometry with Cu Kα radiation, and their morphologies were examinated by means of an SSX-550 scanning electron microscope equipped with energy-dispersive X-ray analysis. lower. It is the same as the as-received slag shown in Fig.1(a) . Moreover, the weight loss of the sintered pellets was less than 1 wt% which means that there are few reactions between the slag and carbon during the sintering process when the temperature is not higher than 1000℃.Meanwhile, there are no peaks corresponding to carbon probably because the carbon black used in this study should have amorphous structure. For the sample sintered at 1200℃, the typical peak of Fe can be detected from the XRD pattern shown in Fig.1(d Fig.1(d) . However, the further reduction of Ti 3 O 5 is less preferable thermodynamically at 1200℃ according to the equation (2).
Results and discussion

Cathode preparation
In the preparation of the slag-carbon cathode for TiC reinforced Fe based composite in this work, the sintering temperature was then set to 1000℃ in order to use carbon black as the carbon source for the carbide formation rather than a reduction agent.
(1)
(2) Fig.1 . The XRD patterns of (a) the titanium-rich slag and the titanium-rich slag-C mixtures sintered at (b)800℃, (c)1000℃and (d)1200℃ for 4h. Fig. 2(a) shows the morphology of the pellet made of the slag with 5 wt% carbon powder after the 4h-sintering process at 1000℃. It has a coarse microstruture, in atoms of Ti, Fe, Si and C can remain in the cathode. The XRD patterns in Fig.3 indicate that transformation of Ti to TiC is most preferential, while other elements exist in the form of metal phases, when the amount of carbon is deficient within the slag. Furthermore, the formation of SiC is the secondly most preferential, and only Fe is left in the metal phase when the content of carbon is increased up to 10wt% as shown in Fig.3 . The findings are in good agreement with the Gibbs energy changes calculated for the corresponding reactions shown in equation (3) It is concluded that the composition of the carbides in the final product can be 
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controlled by adjusting of the amount of carbon in the titanium-rich slag precursor. It is also found that Si is favorable to form Ti 5 Si 3 in comparison with Fe. This can be explained by their formation free energy shown in equation (6) and (7) .
The reaction pathway
To investigate the mechanism for the formation of TiC-Fe based composite, a series of the partially reduced slag with the different contents of carbon (5wt% and 10wt%)
were determined by XRD, and are shown in Fig. 4 . The process of reduction and carbiding basically occurred in the two main stages.
In the stage I, during the first 2h of the process, the typical peaks of (Fe,Ti) 3 O 5 are eliminated, while the peaks for Fe, TiO 2 , CaTiO 3 , and TiO appear. However, there is no peak for any carbides, implying that the initial reaction in the cathode is the oxygen removal and combination with CaO rather than carbiding. The possible cathode reductions are as described as equation (8) New Journal of Chemistry Accepted Manuscript (10) During the first stage, almost all the ferric oxides in the cathode can be electrochemically reduced, which leads to a higher electric conductivity for the cathode than the initial material. Fig.4 . XRD patterns of the pellets with5wt% C and 10wt% C electrolyzed for different durations.
In the second stage of the process after the first 2h of reduction, it is characterized typically by the decrease of CaTiO3 peaks and the increase of the TiCxO1-x peaks. The phase TiC x O 1-x was reported during the carbothermic reduction of TiO 2 [22, 23] , but the operating temperature in the current work should be too low to form such the compound. Based on the results of the first stage of electrochemical reduction of 
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cathode, the formation of the oxycarbide phase can be described by equation (11) . the faster rate of the transfer from TiO to TiC. The reaction described in equation (11) is the synergetic process of electrochemical reduction and carbiding. It indicates that the solid diffusion of carbon in the cathode should be the rate-determining step for carbide formation from the titanium monoxide. In the middle of the second stage, the typical peaks of the alloys of FeTi and Ti 5 Si 3 can be detected in Fig.4 for the carbon content of 5wt% and 10wt%, respectively. However, the alloys of FeTi and Ti 5 Si 3 are the final metallic phases for the sample with 5wt% C, while the typical peaks of these alloys are eliminated for the sample with 10wt% C. It illustrates that the alloys are the intermediates which can be substituted by their carbides finally, and Fe is left in the metallic phase. The substitution reactions can be described as equation (12) and (13) .
The transfer of the alloys to their carbides for the sample with the more carbon also indicates the reduction of the oxides within the cathode is much faster than carbiding in the second stage. Fig. 6(a) shows the morphology of the pellet containing 5wt% carbon electrolyzed at 800℃ for 24 h. These particles are around 2µm in size with a smooth surface, and are even lightly sintered and connected one other. Fig.6(b) is the back-scattered micrograph of the cross-section of particle shown in Fig.6(a) . In combination of the successively increases its carbon content till the formation of stoichiometric TiC finally. The TiC grains can serve as the nuclei of heterogeneous nucleation for the TiC-Fe based composite particles with multi-core microstructure.
Microstructures of reduced samples
